Abstract A novel initiator, naturally occurring in soy, has been developed for a direct synthesis of aliphatic star-shaped homo-and copolyesters. The synthesis is based on one of several known isoflavones, genistein, which has been employed as an initiator of homopolymerization of poly(L-Lactide) or co-initiator of copolymerization of e-caprolactone and L-Lactide with Sn(Oct) 2 as a catalyst. The nontoxic chemicals used allow for an inexpensive and safe for human body facile synthesis of biocompatible functionalized polymers suitable for medical and pharmaceutical applications. The obtained polymers were characterized by 1 H, 13 C NMR, FT-IR, SEC-MALLS and MALDI-TOF MS analysis.
Introduction
Considerable interest exists in the synthesis of aliphatic homo-and copolyesters for their potential applications as biomedical materials, such as controlled drug delivery systems, surgical sutures and internal bone fixation [1] [2] [3] [4] . Poly(L-Lactide) (PLA) and poly(e-caprolactone) (PCL) as well as their copolymers are the most extensively studied, characterized and used as biomedical materials due to their biodegradability, biocompatibility and permeability [5, 6] . Polyesters with well-defined architectures such as star-shaped, comb-like and dendritic polymers with controlled chain numbers and lengths are attracting interest because they can modify structures and physical properties of PLA and PCL (e.g., their high degree of crystallinity) [7, 8] . These homo-and copolymers are usually synthesized by the ring-opening polymerization (ROP) and copolymerization of L-Lactide (LLA) or e-caprolactone (CL) in the presence of multifunctional initiators containing hydroxyl or amine groups.
In recent years, many approaches have been made to optimize the properties of the obtained polymers, such as their bioactivity and biocompatibility, to satisfy the requirements of specific biomedical applications. A promising example is incorporation of bioactive or biocompatible hormones, peptides, amino acids, lipids and other natural compounds into the polymer chain [9] [10] [11] [12] . Recently, Dong and coworkers investigated the synthesis, crystallization and morphology of six-arm starshaped PCL obtained by the ROP of CL with dipentaerythritol as the initiator in bulk [13] . In their laboratory, polypseudorotaxanes composed of star-shaped porphyrincored PCL and a-cyclodextrin as well as a new class of linear-dendron-like PCL-bpoly(ethylene oxide) copolymers have also been successfully synthesized and characterized in detail [14, 15] . Furthermore, Cho et al. [16] studied the details of the synthesis of star-shaped, amphiphilic block copolymers composed of fully degradable PCL by initiation with pentaerythritol, while Cui et al. [17] reported the synthesis and characterization of copolymers of CL and LLA using cyclotriphosphazene core. As an extension, star-shaped PCLs with PAMAM dendrimer core have been successfully synthesized and characterized in our laboratory [18] .
Genistein (Gns) is one of the isoflavones that can be found in soy [19] . Recently, it has been reported that this compound has weak estrogenic and antiestrogenic properties, is an antioxidant, inhibits topoisomerase II and angiogenesis and induces cell differentiation [19] . Furthermore, it has been found that Gns promotes cell differentiation resulting in a less active epidermal growth factor signaling pathway in adulthood that, in turn, suppresses the development of mammary cancer [20] .
As a matter of fact, it can also be a suitable material for the synthesis of starshaped polymers due to the presence of three hydroxyl groups in the molecule, enabling the initiation of ROP of LLA or CL. Therefore, it is reasonable to prepare homo-and copolymers with the desired biomedical properties inherited from the Gns molecule. In the ongoing study, biodegradable and biocompatible PLA homopolymers and random copolymers of LLA and CL were synthesized and characterized using for the first time naturally occurring Gns as a core. The influence of the Gns molecule on the thermal properties and hydrolysis stability of the obtained polyesters, as well as the release profile of the covalently conjugated drug to the resulting polymers, will be discussed in the next paper.
Experimental Materials e-Caprolactone (2-oxepanone, C99.0 %, Aldrich Co. Poland) was dried and distilled before use over CaH 2 at reduced pressure. L-Lactide ((3S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione, 98.0 %, Aldrich Co. Poland) was recrystallized from dried ethyl acetate in a dry nitrogen atmosphere and then thoroughly dried in vacuum before use. Genistein (Gns, 5,7-dihydroxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one, C98 %, Sigma Co. Poland) was dried before use under vacuum at 40°C for 4 h. Stannous octoate (Sn(Oct) 2 , tin(II) 2-ethylhexanoate, 2-ethylhexanoic acid tin(II) salt, *95 %, Aldrich Co. Poland) was used as received. Dichloromethane (anhydrous, C99.8 %, POCh, Gliwice, Poland), methanol (anhydrous, 99.8 %, POCh, Gliwice, Poland) and diethyl ether (anhydrous, 99.8 %, POCh, Gliwice, Poland) were used as received.
Measurements
The polymerization products were characterized in the DMSO-d 6 solution by means of 1 H and 13 C NMR techniques (Varian 300 MHz). The FT-IR spectra in the 400-4,000 cm -1 range were measured from KBr pellets using Spectrum 1,000 spectrometer (Perkin-Elmer).
Number-average molecular weights (M n ) and polydispersity indexes (M w /M n ) were measured using SEC-MALLS instrument composed of an 1,100 Agilent isocratic pump, autosampler, degasser, thermostatic box for columns, a photometer MALLS DAWN EOS (Wyatt Technology Corporation, Santa Barbara, CA) and differential refractometer Optilab Rex. ASTRA 4.90.07 software (Wyatt Technology Corporation) was used for data collecting and processing. Two 2 X TSKgel MultiporeHXLcolumns were used for separation. The samples were injected as a solution in methylene chloride. The volume of the injection loop was 100 lL. Methylene chloride was used as a mobile phase at a flow rate of 0.8 mL min -1 . Mass spectrometric measurements were performed using the ultrafleXtreme TM MALDI-TOF MS spectrometer (Bruker Daltonics, Fremont, CA) equipped with a pulsed N 2 laser and a time-delayed extraction ion source. An acceleration voltage of 20 kV was used. Mass spectra were obtained in the linear mode. The matrix 2[(4-hydroxyphenyl)diazenyl] benzoic acid (HABA) was dissolved in THF or methylene chloride at a concentration equal to 10 mg mL -1 and mixed with a polymer sample in a 25:1 v/v ratio. NaI was added as a cationizing agent. The mixture was dried on stainless steel plate covered by the gold metal target.
Polymerization procedure
The polymeric materials were prepared using different molar ratios of initiator (genistein (Gns) to monomers (e-caprolactone (CL) or L-Lactide (LLA). The initiator/monomer feed ratios for the received polymers were: 1/25; 1/50; 1/75 (mol/ mol) for homopolymers of PLA and 1/25/25; 1/10/40; 1/40/10 for copolymers of PLA/PCL denoted as Gns/PLA 25; Gns/PLA 50; Gns/PLA 75; Gns/PLA25/PCL25; Gns/PLA10/PCL40; Gns/PLA40/PCL10; respectively, where Gns = genistein; PLA = poly(L-Lactide) and PCL = poly(e-caprolactone). For the homopolymerization, dry Gns and LLA were accurately weighed and introduced into a 50 mL polymerization tube. The tube was then connected to a Schlenk line, where exhausting-refilling processes were repeated three times. The tube was immersed into an oil bath at 140°C under argon atmosphere for 48 h. After an appropriate time, the reaction products were cooled down, dissolved in dry CH 2 Cl 2 , precipitated twice from a cold diethyl ether and dried under vacuum for 72 h. (Fig. 1a and Fig. S-1, electronic supplementary material) . 13 S-5, electronic supplementary material) .
For the copolymerization, dry Gns and LLA were accurately weighed and introduced into 50 mL polymerization tube. The tube was then connected to a Schlenk line, where exhausting-refilling processes were repeated three times. The tube was immersed into an oil bath at 140°C under an argon atmosphere for 48 h. After an appropriate time, the precise weight of CL and a catalytic amount of Sn(Oct) 2 were added to the melted mixture and the exhausting-refilling process was carried out again. The polymerization tube was put into an oil bath at 110°C under nitrogen atmosphere and cooled to room temperature after polymerization for 24 h. The resulting products were dissolved in dry CH 2 Cl 2 , precipitated twice from a cold diethyl ether and dried under vacuum for 72 h. (Fig. 1b, Fig. S-1, electronic supplementary material (Fig. S-6 , electronic supplementary material).
Results and discussion
The ROP homopolymerization of LLA was carried out in bulk in the presence of natural isoflavonoid Gns, identified as an angiogenesis inhibitor [19] . To obtain LLA prepolymers with different molecular weights, the molar ratio of LLA and the initiator Gns was varied ([LLA]/[I] = 25, 50, 75). The 1 H NMR spectrum of Gns/ PLA 25 is shown in Fig. 1a .
The major resonance signals a and b ? b 0 were attributed to the PLA chain, whereas signal a 0 to the methine proton signal terminated by the hydroxyl end group. Furthermore, signal a 00 was assigned to the methine proton signal of PLA unit directly connected to the initiator molecule. The most important, the proton signals of phenyl and benzopyran-4-one rings of Gns (Fig. S-1 , electronic supplementary material) were also detected with high resolution, indicating incorporation of Gns into the macromolecule (Fig. 1a) [21] . 1 H NMR analysis demonstrated that naturally occurring Gns successfully initiated ROP of LLA. An additional confirmation of the presence of Gns in the macromolecule is given by comparison of the 13 C NMR spectra of the resulting homopolymer and the pure initiator (Figs. S-2 and S-3, electronic supplementary material).
Based on the generally accepted conclusion, the number-average molecular weights determined by 1 H NMR spectroscopy (M n(NMR) ) were calculated from the average chain length (DP) and average degree of substitution (DS) of the resulting homopolymers [22] . The calculation results as well as SEC-MALLS data are shown in Table 1 .
The results revealed that the three PLA arms can be attached to the Gns initiator molecule, demonstrating that the three hydroxyl groups of Gns were effective initiation centers of ROP of LLA. Furthermore, it was noted that M n obtained by SEC-MALLS were similar to those calculated from 1 H NMR analysis and that Table 1 Homopolymerization of LLA and copolymerization of CL and LLA initiated (co-initiated) by Gns; molecular characterization of the resulting polymers polymer materials with high yield and moderate molecular weight distribution were prepared using the natural initiator.
The hydroxyl end-capped PLAs with Gns core were then applied as macroinitiators of ROP of CL (Scheme 1). The copolymerization was carried out in bulk at moderate temperature around 110°C to avoid transesterification [23, 24] . SEC-MALLS analysis was carried out for PLA macroinitiator and then for product copolymerization. The typical SEC-MALLS curves of the resulting products revealed a symmetrical elution peak with narrow polydispersity (M w /M n , Table 1 ). Furthermore, an expected shift to higher molar masses was observed for the PLA-r-PCL copolymer when compared with PLA macroinitiator ( Fig. 2 ; Table 1 ).
The 1 H NMR spectrum of Gns/PLA25/PCL25 is shown in Fig. 1b . Moreover, the presence of a new triplet signal assigned to methylene protons (b 00 ) indicated that the resulting copolymers were produced with PCL blocks as end groups and that the terminal hydroxyl groups of the macroinitiators effectively initiated the polymerization of CL. This occurrence is in accordance with our previous study [25] . Figure S-4 (electronic supplementary material) shows the 13 C NMR spectra of Gns/PLA25/PCL25 that additionally confirm the structure of the resulting copolymers. The number-average molecular weights, the average chain length as well as degree of substitution were also determined by 1 H NMR spectroscopy. The calculation results suggested a similar trend to that observed in the PLA system. The molecular weight distribution was also moderate and the number-average molecular weights obtained by SEC-MALLS analysis were similar to 1 H NMR calculations (Table 1 ). Figure 3 shows the MALDI-TOF mass spectrum of PLA obtained from the homopolymerization of LLA initiated by Gns (Gns/PLA 25). The spectrum shows four main series of peaks. The first series corresponds to a PLA molecule terminating with one hydroxyl and one hydrogen end group (residual mass 41, Na ? adduct, A). The second series of peaks can be assigned to PLA terminating with Gns and hydrogen end groups (residual mass 271, H ? adduct, B). The third series, with smaller intensity, also corresponds to PLA terminating with Gns and hydrogen end groups, but with Na ? adduct (residual mass 274, C), while the fourth weak series of peaks is consistent with macrocyclic polymers (residual mass 3, Na ? adduct, D). In the mass spectrum in Fig. 3 , two populations of chains were detected that is with even and odd number of LA repeating units. They were separated by 72 amu. The two populations can be explained as typical of LLA polymerization and intraand intermolecular transesterification reaction [25] .
The MALDI-TOF mass spectrum result clearly demonstrates the presence of the Gns molecule in the macromolecule that indicates quite effective initiation properties of Gns in the ROP of LLA. The formation of the polymer chains terminated with hydroxyl and hydrogen end groups (series A, Fig. 3 ) might be explained by hydrolysis process that can be usually occurred during precipitation of the polymer (in this study methylene chloride and diethyl ether/water environment) or concerning MALDI-TOF MS measurements as a result of mixing of the polymer sample with the matrix materials [26, 27] , whereas formation of macrocyclic subunits by an intramolecular transesterification that favorable appeared under polymerization conditions [23] .
Conclusions
In summary, to the best of my knowledge, this is the first report that describes the homo-and copolymerization of cyclic esters initiated by the natural isoflavonoidgenistein. Polymerization in bulk produced polymeric materials with a moderate molecular weight up to 12,100 [g/mol] and yield as high as 98 %. Spectroscopic data have clearly indicated the incorporation of genistein into the macromolecule. Due to the use of non-toxic chemicals, the obtained results are promising for the synthesis of the star-shaped macromolecules and their application as drug carriers in pharmacy.
